Decreased histone acetyltransferase activity and transcriptional dysfunction have been implicated in almost all neurodegenerative conditions. Increasing net histone acetyltransferase activity through inhibition of the histone deacetylases (HDACs) has been shown to be an effective strategy to delay or halt progression of neurological disease in cellular and rodent models. These findings have provided firm rationale for Phase I and Phase II clinical trials of HDAC inhibitors in Huntington's disease, spinal muscular atrophy, and Freidreich's ataxia. In this review, we discuss the current findings and promise of HDAC inhibition as a strategy for treating neurological disorders. Despite the fact that HDAC inhibitors are in an advanced stage of development, we suggest other approaches to modulating HDAC function that may be less toxic and more efficacious than the canonical agents developed so far.
Introduction
Every year, millions of people are diagnosed with neurodegenerative diseases such as stroke, Alzheimer's disease (AD), amyotrophic lateral sclerosis (ALS), and Parkinson's disease (PD). At present, there are no effective cures for these diseases. This void creates an emotional strain on the affected individuals and their families, as well as a financial burden on the healthcare system. The onset and severity of these diseases vary considerably because of genetic mutations, environmental factors, and age, making development of treatments difficult; however, there are many other reasons for the absence of effective cures. First, the molecular mechanisms underlying disease onset and progression remain poorly understood. Second, drug developers have traditionally focused on targets that affect a single downstream signalling pathway, thus ignoring the reality that many pathways act serially and in parallel to create the phenotype of a particular disease. Third, therapeutic strategies have focused on targeting a single, well-defined post-transcriptional genetic modification and have avoided engaging endogenous programmes of gene expression that may include tens to hundreds of genes. Given that endogenous adaptive programmes are activated as a consequence of stress, an ideal therapeutic target should affect adaptive gene expression as well as post-translational modifications of pre-existing proteins. The toxicity of agents that act on such targets is minimal, in theory, because the programmes of gene expression active in the target are similar to those activated as part of adaptive responses. Fourth, any drug effects on a target for neurodegenerative diseases must not provide a selective advantage for cancer cells or autoimmune cells. Recently, the histone deacetylase (HDAC) protein family has been recognised as an attractive therapeutic target for the treatment of neurodegenerative diseases because global inhibition of HDACs overcomes all these problems and meets additional challenges. This review summarises current research on and the promise of this novel class of neuroprotective agents.
Histone deacetylases
HDACs were first identified as enzymes that catalyze the removal of an acetyl group from the N-terminal tails of histone proteins. This action leads to chromatin compaction and gene expression silencing. Together with histone acetyl transferases (HATs), which catalyze the reverse reaction, HDACs control how accessible chromatin is to transcription factors and thus the level of gene expression. In addition to their role in regulating chromatin structure and gene expression, HDACs deacetylate non-histone proteins such as p53 [1, 2] , Sp1 [3] , E2F [4, 5] , cAMP response-element-binding protein (CREB) [6] , GATA1 [7, 8] and tubulin [9] .
HDACs are evolutionarily conserved from yeast to man. Human HDACs are classified into four classes. The zinc-dependent enzymes constitute classes I, II and IV, whereas the NADdependent enzymes are included in class III (Figure 1 ). Class I HDACs include HDAC-1, HDAC-2, HDAC-3, and HDAC-8. Class II HDACs include HDAC-4, HDAC-5, HDAC-6, HDAC-7, HDAC-9a and b, and HDAC-10. Class I HDACs are ubiquitously expressed, whereas class II HDACs are primarily expressed in striated muscle, heart and brain. Class III HDACs are referred to as sirtuins because they are homologous to the yeast protein Sir-2. This class includes SIRT1 -7 (reviewed in references [10, 11] ). Class IV HDACs include HDAC-11, which is predominantly nuclear and was found to be expressed in the mouse brain [10] [11] [12] .
The dynamic state of chromatin and the accessibility of gene promoters to transcription factors and/or transcriptional machinery are dependent on the balance between HAT activity and HDAC activity. This balance is tightly regulated because HATs and HDACs are often found as part of protein complexes that include co-activators or corepressors. Defects in the regulation of the fine interplay between HAT function and HDAC function can lead to many cancers as well as to neurodegenerative disease [13] . For this reason, HDAC inhibitors have been extensively studied in models of neurodegenerative disease [13] , and some agents-such as valproic acid (VPA), sodium butyrate (SB) and LBH589-are now being tested in clinical trials in patients with spinal muscular atrophy (SMA), Huntington's disease (HD), AD and ALS.
Histone deacetylase inhibitors
HDAC inhibitors can be divided into several groups on the basis of their chemical structure. The first group includes small-molecule hydroxamates such as trichostatin A (TSA), suberoylanilide hydroxamic acid (SAHA)/vorinostat and scriptaid (Table 1) The second group includes derivatives of aliphatic acid such as SB sodium phenylbutyrate (SPB) and VPA. VPA was widely used as an antiepileptic drug well before its function as a HDAC inhibitor was described [14] . The third group includes cyclic tetrapeptides such as apicidin, trapoxin, depsipeptide (FK-228)/romidepsin. Finally, the last group includes benzamides, such as MS-275/SNDX-275 and Cl-994 [10] . HDAC inhibitors such as the hydroxamates bind to the active site of the HDAC enzyme and function by chelating the Zn 2+ ion. These compounds have a ashort half-life, but still exhibits long-term effects [15, 16] .
Histone deacetylase inhibitors: mechanism of action
HDAC inhibitors are now in clinical trials to test their capacity to treat a variety of cancers [17] [18] [19] . These agents have been shown to be effective in blocking the toxicity of the chemotherapeutic agent cisplatin and are themselves anticancer agents [17] [18] [19] [20] . The use of these drugs in combination with chemotherapeutic agents may be a way to abrogate the deleterious effects of chemotherapy, while enhancing its efficacy. Gensert et al. showed that HDAC inhibitors induce the expression of a CD81, a tetraspanin that regulates growth arrest in gliomas and astrocytes. HDAC inhibition thus prevents cell death in the CNS without increasing the likelihood of glia cancers [21] .
Many studies have reported that HATs and HDACs are misregulated in neurological disease (reviewed in references [10, 22, 23] ). Accordingly, HDAC inhibitors have been assessed in both cell culture models and rodent models of neurodegenerative disease. Expanded polyglutamine tracts in mutant huntingtin (htt), for example, have been shown to mediate neurodegeneration via inhibition of HAT activity in CREB binding protein (CBP)/p300. Accordingly, Steffan et al. reasoned that HDAC inhibition should alleviate this defect in cellular HAT activity and prevent cell loss [24] . These researchers used molecular and small-molecule suppression of HDAC activity to define a role for HDAC inhibition in neuroprotection. Their seminal observations were rapidly replicated in studies of other polyglutamine expansion diseases [24, 25] .
A subsequent study suggested that the benefits of HDAC inhibitors extend beyond their effects on the proximate toxicity of polyglutamine expansions by showing that these agents can abrogate oxidative death in cortical neurons [26] . In this study, oxidative stress, a putative mediator of neurodegeneration implicated in almost every neurological condition, was shown to increase acetylation of the protective transcription factor Sp1. TSA treatment increased Sp1 acetylation, binding of Sp1 DNA to its targets, and Sp1-dependent gene expression [3, 26] . It also protected cells from oxidative-stress-induced apoptosis both in vitro and in vivo. Sp1 activation was subsequently shown to be necessary for the protective effects of HDAC inhibitors. These data suggest that oxidative stress induces HDAC inhibition as part of an Sp1-dependent adaptive response. Accordingly, augmentation of this adaptive response via a host of structurally distinct class I or class II HDAC inhibitors protected neurons from oxidative death. Recent studies have shown that class II HDACs have conserved cysteine motifs that can be oxidized leading to the translocation of these HDACs from the nucleus to the cytoplasm, the functional equivalent of HDAC inhibition [27] .
One of the major challenges in understanding the precise mechanisms by which global HDAC inhibitors protect against oxidative death is the fact that a small, but reproducible, toxicity is observed in cortical neurons exposed continuously to these agents. This toxicity is of particular concern if HDAC inhibitors are to be moved into the clinical setting. Langley et al. observed that pulse treatment with TSA for 2 h was not associated with any toxic effects and maintained all the protective effects of this drug against oxidative-stress-induced cell death [28] . HDAC inhibition correlated with increased p21 gene and protein expression both in cultured neurons and in an in vivo model of permanent ischemia; However, although p21 is sufficient for this protective effect, it is not necessary. This observation is consistent with TSA being a global HDAC inhibitor and potentially functioning by affecting multiple gene expression programmes that together contribute to the protective effect of this drug [28] .
The findings of studies by Vecsey et al. [29] , Kanai et al. [30] , Leng et al. [31] , and Politis et al. [32] are consistent with the idea that multiple downstream gene targets contribute to the neuroprotective effects of HDAC inhibitor treatment. Vescey et al. reported that HDAC inhibitors enhance memory by activating genes regulated by the CREB and CBP/HAT complex [29] . Indeed, the authors showed that the CREB/CBP complex mediates hippocampusdependent memory and hippocampal synaptic plasticity and that TSA does not globally alter gene expression, but rather upregulates the expression of specific genes during memory consolidation [29] . Kanai et al. showed that mature cerebellar granular cells are protected from SYM2081 glutamate-mediated excitotoxicity by VPA, TSA and butyrate [30] . SYM2081 ([2S,4R]-4-methylglutamate) is an inhibitor of excitatory amino-acid transporters and an agonist of low-affinity kainate receptors [30] . Moreover, Kanai and colleagues linked the protective effect of HDAC inhibitors to decreased nuclear accumulation of the glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The latter has been reported to influence cytotoxicity by translocating to the nucleus, after being S-nitrosylated, as part of a complex with Siah1 (an E3 ubiquitin ligase). In the nucleus, GAPDH stabilises Siah1, which in turn allows Siah1 to degrade nuclear proteins and contribute to the initiation of apoptosis [33] . A study published by Leng et al., on the other hand, highlights the role of glycogen synthase kinase-3 inhibition and increased β-catenin-dependent and TCF-1/LEF-1-dependent gene expression-through combined treatment with lithium and an HDAC inhibitor (VPA, SPB, SB or TSA)-in protecting aging cerebellar granule cells against glutamate-induced cell death [31] . Finally, Politis et al. showed that HDAC inhibition causes growth arrest and induces differentiation in neuroblastoma cells [32] . The authors identified Cend1, a neuronal lineagespecific cell-cycle-exit molecule, as one of the genes mediating the function of HDAC inhibitors. They showed that knockdown of this gene abolishes the antiproliferative effects and differentiation induced by TSA. Even though these experiments were performed in cell lines, it is important to mention that the aberrant expression of proteins that classically drive cellcycle progression has been observed in neurodegenerative diseases in humans, such as AD (reviewed in reference [34] ).
In addition to affecting the expression and function of transcription factors and cell-cycleregulating molecules, HDAC inhibition also affects the expression and function of cytoskeletal proteins. Meisel et al. observed that TSA protects cortical neurons from oxygen and glucose deprivation in a model of ischemic cell death [35] . This effect was in part due to upregulation of the actin binding protein gelsolin. Gelsolin induces actin remodelling and filament disassembly by capping the ends of and severing actin microfilaments. TSA failed to protect gelsolin knock-out cells, however. Gelsolin normally protects brain cells from ischemic injury by changing the actin cytoskeleton, reducing Ca 2+ -induced cytotoxicity [36, 37] and stabilising mitochondrial permeability transition [38] . Tubulin is another cytoskeletal target affected by global HDAC inhibition. Acetylation of tubulin is increased via HDAC-6 inhibition, and this process yields a net increase in vesicular transport and release of brain-derived neurotrophic factor (BDNF). Such a modification may be important for diseases where microtubule transport is affected or where release of transcription factors from the cytoskeleton to the nucleus is important, such as HD [39] [40] [41] In addition to protecting neurons by affecting neuronal gene expression profiles and the acetylation status of neuronal proteins, there is recent evidence to indicate that the neuroprotective effects of HDAC inhibitors may involve astrocytes [42] . One study showed that HDAC inhibitors, such as TSA and SB, increase the expression of glia-cell-line-derived neurotrophic factor (GDNF) and BDNF in astrocytes. This effect was shown to be associated with increased H3 acetylation at the promoters of these genes, as well as with protection of dopaminergic neurons in midbrain neuron-glia cultures [42] .
Finally, HDAC inhibition has a role in mediating the plasticity of neuronal development. Lyssiotis et al. demonstrated that following BMP exposure, lineage-committed oligodendrocyte precursor cells can be converted to neural-like stem cells that produce both neurons and glia after BMP exposure [43] . This effect is achieved by the inactivating the repression of 13 genes, including sox-2, that are involved in the maintenance of neuron stem cell fate and the repression of genes involved in oligodendrocyte fate.
The studies described above show that many putative targets are involved in the broad effects of HDAC inhibition on neuroprotection and repair. Exactly which targets are crucial for the success of these agents is dependent on a host of factors, including the cell type, the injury stimulus, and the specific HDAC isoforms expressed in a tissue. These studies suggest, however, that it is unlikely that a universal target will be found that can explain the successes of HDAC inhibitors in the treatment of the different disorders of synaptic plasticity and cognition, including neurodegenerative disorders (e.g., HD, PD, ALS, and brain ischemia), neurodevelopmental disorders (Rubinstein-Taybi syndrome, Rett syndrome and fragile X syndrome), mood disorders (depression and anxiety) and motor neuron disease.
Histone deacetylase inhibitors and diseases
3.2.1 Huntington's disease-HD is an autosomal, dominant, late-onset neurodegenerative disease characterised by cognitive dysfunction, psychiatric symptoms and movement impairment. HD is caused by a polyglutamine expansion in the 5′-coding region of the htt gene. The presence of the expansion leads to the nuclear translocation and aggregation of the mutant htt and, in turn, to the inhibition of transcription factors such as Sp1 and co-activators such as CBP [26, [44] [45] [46] . The utility of HDAC inhibition was first observed in a Drosophila model of polyglutamine disease. In this model, SAHA blocked photo-receptor neurodegeneration and increased survival [24, 47] . Studies in the R6/2 Huntington mouse model showed that with both SB treatment [45] and SAHA treatment [48] have beneficial effects. To further understand which HDAC is mediating the toxicity in these models and to overcome the absence of specific HDAC inhibitors, experiments using RNA interference were performed in C. elegans neurons expressing a human htt fragment with an expanded polyglutamine tract (Htn-Q150). These studies showed that HDAC-3 acts within neurons in Htn-Q150 to promote degeneration in response [49] . Recently, the beneficial effects of a novel pimelic diphenylamide HDAC inhibitor, HDACi 4b, in an HD mouse model were reported [50] .
3.2.2
Parkinson's disease-PD is a movement disorder characterised by the selective and progressive loss of dopaminergic neurons in the midbrain substantia nigra, which causes muscle rigidity, tremor, and bradykinesia. Even though the molecular mechanisms underlying this disease are still under investigation, α-synuclein is consistently implicated in PD. Kontopoulis et al. observed that nuclear α-synuclein is toxic, whereas its cytoplasmic form is protective in cell cultures and in flies [51] . α-Synuclein in the nucleus was found to be bound to histones, but treatment with two HDAC inhibitors, SB and SAHA, abrogated the toxicity. Furthermore, SPB had protective effects in animals administered 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, which causes destruction of the dopaminergic nigrostriatal pathway analogous to that observed in PD [52] . VPA was also protective in this setting, inducing the release of neurotrophic factors such as BDNF and GDNF from astrocytes [42, 53] or inhibiting of the release of pro-inflammatory factors from microglia [54] .
Amyotrophic
Lateral sclerosis-ALS is a progressive, lethal neurodegenerative disease characterised by selective loss of both upper and lower motor neurons. So far, the main cause of the sporadic forms of this disease remains elusive, although it is known that both oxidative stress and protein aggregation contribute to the pathology. In addition, altered transcriptional activity leading to defects in many cellular functions has been observed. Sugai et al. reported that VPA can protect spinal motor neurons from glutamate toxicity in organotypic slice cultures [55] . Following this report, another study demonstrated that SPB can significantly extend survival and improve both the clinical and neuropathological phenotypes of G93A transgenic ALS mice [56] . In another study, VPA treatment was shown to induce CBP transcriptional expression in motor neurons and cause delayed disease onset; however, it had no effect on life span [57] . Treatment with HDAC inhibitors has been shown to ameliorate the ALS phenotype, and further synergistic effects are observed on simultaneous treatment with the catalytic antioxidant AEOL 10150 [58] . It is not clear whether this synergy is due to the ability of antioxidants to abrogate the toxic effects of HDAC inhibitors or whether antioxidants act on injury pathways parallel to those ameliorated by HDAC inhibition.
Stroke and ischemia-Stroke
is the third leading cause of death in the US and the leading cause of disability. Delayed cell death following a stroke is redox regulated and is thought to be a downstream consequence of oxygen and glucose deprivation. HDAC inhibitors are protective against oxygen and glucose deprivation and against oxidative-stress-induced cell death in vitro, which indicates that HDAC inhibitors are ideal treatment candidates for patients who have experienced a stroke. SAHA and VPA have been tested in a model of focal cerebral ischemia in which cell death was induced by the occlusion of the middle cerebral artery [59, 60] . Treatment with SAHA increased histone H3 acetylation within the normal brain and prevented histone deacetylation in the ischemic brain [60] . In addition, it induced the expression of the neuroprotective proteins Hsp70 and Bcl-2 in both control and ischemic brain tissue [60] . Likewise, treatment with VPA also resulted in increased expression of the protective protein Hsp70 [59] . It is important to note that HDAC inhibition also suppressed microglia activation, reduced the number of microglia, and inhibited various inflammatory markers in the ischemic brain. In more-recent studies, particular effort has been devoted to uncovering the specific HDACs involved in stroke and ischemia. In acute coronary syndrome, small interfering RNA knockdown experiments have showed that HDAC-4 reduces infarct size, suggesting a role for this specific isoform [61] .
3.2.5
Rubinstein-Taybi syndrome-Rubinstein-Taybi syndrome is an inheritable disorder caused by mutations in the gene encoding the CBP and characterised by mental retardation and skeletal abnormalities [62] . Several different mouse models in which CBP or p300 function is altered have been created [63] . Such mice show deficits in synaptic plasticity and memory that is linked to impairment in histone H2B acetylation. Treatment with SAHA, however, reversed or ameliorated the symptoms [63, 64] .
3.2.6
Friedreich's ataxia-Friedreich's ataxia (FRDA) is caused by a homozygous GAArepeat expansion mutation within intron 1 of the frataxin (FXN) gene, leading to reduced expression of FXN and its gene product, a highly conserved mitochondrial protein. Repression of FXN gene expression is mediated by increased trimethylation of histone H3 at lysine 9 and by hypoacetylation of histones H3 and H4 [65, 66] . Two recent studies demonstrated promising effects of HDAC inhibitors in alleviating symptoms associated with FRDA. The first study showed that a new class of HDAC inhibitors could reverse FXN gene silencing in primary lymphocytes from individuals with FRDA [65] . The second demonstrated that treatment with a novel class I HDAC inhibitor, an analogue of BML-210, could increase histone H3 and H4 acetylation in chromatin near the GAA repeat and restore wild-type FXN levels in the nervous system and heart of KIKI mice, a murine model of FRDA [67] .
3.2.7
Fragile X syndrome-Mutations in the FMR1 gene result in fragile X syndrome and mental retardation. The most common mutation is expansion of a CGG repeat tract at the 5′ end of this gene. This expansion leads to cytosine methylation and transcriptional silencing. Coffee et al. observed that normal individuals have acetylated H3 and H4 associated with the FMR1 locus, whereas individuals with fragile X syndrome do not [68] . When this group examined cells from patients with fragile X syndrome, they observed that inhibitors of DNA methylation completely restored H3 and H4 acetylation and gene expression at the FMR1 locus. On the other hand, TSA only restored H4 acetylation and could not restore FMR1 expression. A study published by Chiurazzi et al., however, reported a consistent but mild reactivation of the FMR1 gene when lymphoblastoid cell lines of non-mosaic full mutation patients were treated with 4-phenylbutyrate, SB or TSA [69] . Moreover, they showed that combining these HDAC inhibitors with 5-azadC leads to a marked increase in FMR1 expression, suggesting a synergistic effect of histone hyperacetylation and DNA demethylation. The above studies did not test whether sirtuins are involved in reactivating the FMR1 locus; however, a more-recent study reported that inhibition of SIRT1 can induce histone H3 and H4 acetylation and reactivate expression of the FMR1 gene [70] .
3.2.8
Mood and anxiety disorders-Therapies for mood and anxiety disorders mainly target the regulation of synaptic transmission. The prevalent working hypothesis is that increased levels of neurotransmitters lead to increased expression of specific genes, whose products act to alter neural function and behaviour. Several recent papers have uncovered the role of chromatin remodelling in these diseases. Tsankova et al. have demonstrated that BDNF expression is reduced in mice subjected to chronic social defeat and that treatment with the tricyclic antidepressant imipramine can restore normal behaviour through increased BDNF gene expression [71] . This increase in expression was associated with increased acetylation of the BDNF promoter through downregulation of HDAC-5 activity. Microarray studies have indicated that gene expression profiles are highly altered in the hippocampus of adult rats depending on early maternal care, a model of anxiety disorder, and that altered glucocorticoid receptor gene expression is, in part, responsible for the long-lasting changes seen in behaviour [72] . In these studies, treatment with TSA was shown to reverse the repression of the glucocorticoid receptor gene and decrease anxiety. Epigenetic changes have also been found to be associated with specific mood disorders, such as schizophrenia and those provoked by drug addiction. The efficacy of HDAC inhibition in ameliorating symptoms in animal models of these conditions has been reported in several studies published the last year [73] [74] [75] [76] [77] .
3.2.9
Motor neuron diseases-SMA is a neurodegenerative disease of the motor neurons that results in progressive muscle weakness. It is also the leading hereditary cause of infant mortality. In humans, there are two survival motor neuron genes, SMN1 and SMN2, which arise from a recent duplication. Homozygous loss of SMN1 causes SMA, and the expression and accuracy of splicing of SMN2 appears to modulate the severity of the disease. Increasing the expression and splicing of the SMN2 gene and product, respectively, by HDAC inhibition is one of the therapeutic approaches being investigated at present [78] . In this regard, particular emphasis has been placed on HDAC-2 after the observation that this molecule influences the expression of SMN2 [79] . In a detailed study investigating the efficacy of different HDAC inhibitors in ameliorating SMA pathology, SAHA was found to be the best therapeutic agent in in vitro and in ex vivo models of this disease: SAMA selectively increased SMN2 activity and had the lowest toxicity [80] . Indeed, both SAHA and FK-228 were able to bypass the silencing of the SMN2 gene by DNA methylation characteristic of SMA patients, whereas other inhibitors such as SPB and VPA could not [81] . Positive results have also been reported with the benzamide M344 in fibroblast cells derived from patients with SMA [82] . Interestingly the aliphatic acid HDAC inhibitor SPB shows poor efficacy in lymphoblastoid cell lines, despite its ability to inhibit class I HDACs (and in particular HDAC-2) [83] . Moreover, MS-275, a potent HDAC-2 inhibitor, is unable to increase SMN2 expression [79] . Given the discrepancy observed between these systems, more-detailed studies investigating the remaining zincdependent HDACs and aiming at understanding the role of HDAC inhibition in SMA are warranted [79] .
Spinal and bulbar muscular atrophy (SBMA) is a recessive autosomal disease that leads to muscular paralysis and atrophy. It is characterised by the presence of a poly Q expansion within the androgen receptor. The mutant protein that causes SBMA is thought to inhibit HAT activity, resulting in transcriptional dysfunction and subsequent neuronal degeneration. To date, the only study of HDAC and SBMA reported in the literature is the investigation of SB and its therapeutic effects in a transgenic mouse model of SBMA. In this study, SB treatment ameliorated many of the neurological phenotypes associated with SBMA, but this effect was dose-dependent and seen only over a narrow range. The high toxicity observed at higher doses probably discouraged further studies [84] .
Even though HDAC inhibitors have shown promise in cellular and rodent models of neurodegeneration, many issues need to be addressed before we can use these drugs in the clinic.
Expert opinion

HDAC inhibitor specificity
Most of the HDAC inhibitors that are at present being studied or used in clinical trials are global HDAC inhibitors. As such, HDAC inhibition affects 2 -5% of all genes [85, 86] . It is probable that affecting this many genes generates desirable gene expression (that which is associated with survival and repair, or restores gene expression in a transcription-dysfunctional state), but also undesirable gene expression (that which is associated with death and the toxicity). For example, HDAC inhibition is associated with toxicity in cell culture models of oxidative stress [28] and in clinical trials. In a recent issue of Neuron, Kim et al. reported that HDAC-1 inactivation by p25/cdk-5 induced aberrant cellcycle activity and double-stranded DNA breaks, which usually precede neuronal apoptosis [87] . Thus, more studies aiming at understanding the molecular mechanisms underlying diseases and at validating the targets through which HDAC inhibition is functioning are both necessary and critical. Determining which HDAC isoforms are bona fide therapeutic targets in neurodegenerative diseases and designing specific inhibitors for these targets remain the most crucial challenges for investigators and for the success of these drugs in the clinic. Indeed, it may be that while a single HDAC isoform is a therapeutic target at one gene locus, it may not be at another locus; thus, investigators may have to consider strategies that not only target a single isoform, but do so in a gene-specific manner. Many factors have contributed to the difficulty in synthesizing specific HDAC inhibitors. First, until the recent publication of the crystal structure of human HDAC-8 in complex with structurally diverse hydroxamic acid inhibitors, most of the design for synthetic inhibitors was based on the crystal structure of an HDAC-homolog found in the bacterium Aquifex aeolicus [88, 89] . The availability of these structures, as well as the identification of an increasing number of non-histone targets specific to HDACs, may help in designing moreeffective and more-specific inhibitors. Second, the close homology between the catalytic sites of these enzymes and their presence as part of protein complexes also contributes to the difficulty in designing specific inhibitors. The latter makes purifying HDACs tedious, and in many cases there is loss of enzymatic activity, even with high purifications [90] .
HDAC inhibitor doses and delivery
As with other drugs, dosing is one of the most critical issues in the use of HDAC inhibitors in a clinical setting. The proper balance between obtaining effective results, and at the same time overcoming the toxicity and side effects associated with global inhibitors [91, 92] will be essential. For example, even though HDAC inhibitors are protective against oxidative-stressinduced cortical neuronal cell death, they show high levels of toxicity when cortical neurons are treated for prolonged periods; however, pulse treatment with these same HDAC inhibitors alleviates the toxicity while maintaining the protective effect [28] . Studies suggest that the halflife of an HDAC inhibitor might dictate the associated toxicity and undesirable side affects in vivo. In addition to being administered at an appropriate dose, HDAC inhibitors also need to be able to cross the blood-brain barrier (BBB) intact in order to be effective in treating neurodegenerative diseases. There is some evidence that SAHA, SB and VPA all cross the BBB, but, in general, studies of BBB transport have either not been done or have been done poorly [93, 94] . In cancer trials, some cardiovascular issues have arisen following the use of these drugs. It remains unclear whether this effect is common to all HDAC inhibitors or whether it is specific to a particular class of inhibitors, but this issue emphasizes the urgency to design more-specific HDAC inhibitors and new approaches to modulating HDAC activity.
Expert opinion-In conclusion, data indicate that loss of HAT function contributes to neurodegeneration. In cellular and rodent models of neurodegenerative disease, HDAC inhibition has been shown to be effective at restoring proper acetylation levels and thus indirectly increasing HAT activity, and thus is a promising therapeutic strategy (Figure 2) . Nevertheless, the HDAC inhibitors that are available at present lack specificity with regard to individual HDAC isoforms. As such, more-selective inhibitors are needed in order to avoid the adverse effects of this approach. In addition, the inhibitors available at present function by inhibiting HDAC catalytic activity. It would be useful to design inhibitors or peptides that can interfere with the domains required for corepressor interaction or HDAC promoter recruitment ( Figure 2D ). This approach requires a good understanding of the crystal structure of the complexes as well as of the nature of the interaction. Such a strategy may cede additional specificity to having isoform specific inhibitors, however, as some interactions may target a specific HDAC to some promoters and not others. This effect could in turn further alleviate some of the off-target effects associated with toxicity. Other strategies to decrease HDAC function include modulating the ability of HDAC to interact with promoters and regulating HDAC subcellular localisation. For example, a recent study showed that BDNF induces NO synthesis and S-nitrosylation of two cysteine residues (Cys262 and Cys274) in HDAC-2 [95] . This nitrosylation does not affect the catalytic activity of HDAC-2, but rather its ability to bind to CREB-dependent promoters ( Figure 2C ). Another recent study showed that reduction of two cysteine residues (Cys667 and Cys669) that are usually oxidized in response to reactive oxygen species prevents HDAC-4 entry into the nucleus [27] (Figure 2E ). Targeting these and similar signalling pathways may be a more-effective way of inhibiting HDAC function than targeting an HDACs catalytic activity. Finally, neuroprotection can be achieved in an autonomous manner through non-neuronal cells, as there is some evidence that HDAC inhibition in astrocytes can protect neurons through the release of BDNF and GDNF [21, 42, 53] (Figure 2F ). Many questions and issues remain as to how HDAC inhibition is neuroprotective and what is the best way to achieve inhibition of this enzyme. Nevertheless, this strategy has been shown to be effective in most models of neurodegeneration. The challenge remains in determining the most appropriate and effective way of administering these drugs in the clinic. Histone deacetylase classes, expression patterns and sub-cellular localization. 
